The present work aims the elimination of an organic dye Methylene Blue (MB) by adsorption on the polyacrylamide (PAAM) hydrogel. Several experiments series were then carried out in order to study the influence on the adsorption capacity of certain parameters such as the mass of the adsorbent, the pH, the contact time, the initial dye concentration and the temperature. The maximal capacity is 1620 mg/g it was obtained at T = 25°C, pH = 6, [BM] = 200 ppm and 0.013g of the adsorbent. The adsorption kinetics of the dye on the support is well described by the first-order model. The adsorption isotherms of the adsorbent/adsorbate systems studied are satisfactorily described by the Langmuir mathematical model. On the other hand, the thermodynamic study revealed that adsorption is spontaneous and endothermic.
Introduction
Synthetic organic dyes are widely used in many industrial sectors such as automotive, chemical area, stationery, and more particularly the textile sector 1, 2 These dyes are evacuated with the effluents that are most of the time directly rejected to the environment without pre-treatment 3, 4 . These colored rejects pose an aesthetic problem, but also sanitary because many of dyes are toxic like all dangerous organic compounds 5, 6 .
Methylene blue is an organic basic cationic dye that has broad applications including cotton or wools dyeing, paper coloring, temporarily coloring hair, and coating for paper stock. MB has long been used as a model for the adsorption of organic dye from aqueous solutions. Although not actively poisonous, MB can have some harmful effects on human beings 7 . The dye can cause eye burns in humans and animals. It may stimulate the gastrointestinal tract and cause nausea, vomiting, and diarrhea if ingested. It may also cause dyspnea, tachycardia, cyanosis, methemoglobinemia and convulsions if inhaled 8 .
Several treatments were used to reduce the harmful effects of these rejected effluents 9 . Traditional processes such as biological processes give unsatisfactory results 10 because of the composition of these releases in dyes and toxic materials which are hardly biodegradable. Adsorption remains one of the most used and easy to implement techniques 11, 12 . The elimination of dyes in aqueous solutions by adsorption on different solid materials, especially on active carbon, has been the subject of different works [13] [14] [15] [16] .
Nowadays, the development of new adsorbents, which have a large capacity and give significant adsorption rates, has generated a great interest in the treatment of wastewater. Several polymers with different functional groups have attracted attention because of their high adsorption capacities, particularly the regeneration and reuse capabilities [17] [18] [19] .
The polyacrylamide is one of the most used polymers for several purposes. It can absorb a large amount of water compared to the other water-absorbing materials. The polyacrylamide is a polymer containing a large number of amide groups. It is considered to be a selective adsorbent to remove pollutants such as dyes and heavy metals from aqueous solutions 3, [20] [21] [22] .
In this work, we studied the adsorption of a cationic dye methylene blue by a superabsorbent polyacrylamide. The influence of several parameters, such as contact time, the quantity of adsorbent, the concentration of the dye, temperature and pH on the adsorption capacity and removal efficiency, has been evaluated and discussed for each of these parameters.
The equilibrium data were analyzed using various adsorption isotherms.
Materials and methods

Adsorbate
The considered dye in this study is methylene blue (MB) of a very high degree of purity (99 %), was purchased from SOLVACHIM Morocco (reference: 1091), it was used as it was supplied without any prior purification. Its characteristics are summarized in Table 1 . Table 1 . Characteristics of methylene blue.
Dye
Methylene blue Structure
Chemical formula
C16H18ClN3S Molar mass (g/mol) 319,85 Maximum wavelength (nm) 664
Adsorbent
The material used in this work is the polyacrylamide (PAAM) whose chemical formula is ([-C2H3CONH2-] n). It is superabsorbents that have the form of transparent beads of non-porous surface aspect supplied by Sigma-Aldrich product number: 749222.
Adsorption procedure
The adsorption of MB from aqueous solution onto PAAM was performed using a stirred reactor in the static regime. A suspension containing a mass of adsorbent was mixed by stirring (100 rpm) with a 100 mL aqueous solution of dye at a known initial concentration in a beaker which was immersed in a bath in thermostatted water keeping constant working temperature. An aliquot of the solution was withdrawn at the pre-determined time intervals. The residual dye concentration in the filtrate was subsequently determined using the MAPADA V-1200 UV/visible spectrophotometer at the wavelength corresponding to the maximum absorbance. The adsorption tests were continued until the equilibrium concentration was reached. The effect of contact time on the amount of dye adsorbed was investigated as a function of the initial concentration of dye, the mass of the adsorbent, pH and temperature 22 . The obtained data from the adsorption tests were then used to calculate removal efficiency R% and the adsorption capacity, Q (mg g -1 ), of the adsorbent, which represents the amount of adsorbed dye per the amount of dry adsorbent using the following equations:
Where  Q is the adsorbed amount of dye (mg/g).  R% is the removal efficiency of the dye (%).  Ci and Cf, respectively, the initial dye concentration and in equilibrium (mg/L).  m is the mass of adsorbent (g).  V the volume of the solution (L). 
Results and Discussion
Parameter influencing the adsorption 3.1.1. Effect of contact time
The effect of contact time on the rate of the removal of MB dye was investigated at initial dye concentration 10 ppm, as shown in Figure 1 .
The obtained results have shown that the adsorption equilibrium is reached after 540 min with an efficiency of 90%.
The evolution of pH and concentration of the dye versus time is shown in Figure 2 . There is an increase in the pH of the solution from 5.5 to 6.14 accompanied by a remarkable decrease of the dye concentration from 9.5 ppm to 0.78 ppm. The increase of pH solution shows that the PAAM balance with the dye solution by consuming H + proton 16 . 
Effect of the adsorbent mass
The effect of the PAAM mass has been studied for 540 min, by varying the mass of adsorbent ( Figure 3) and keeping constant the concentration (10 ppm) of the MB. The Figure shows that the percentage of elimination of MB increases rapidly from 0.008 g to 0.013 g of PAAM. This is due to the increase in specific surface area and the adsorption sites attributed to the increase in adsorbent mass 23 ; it appeared that the use of 0.013 g of PAAM allows eliminating more than 90 % of the MB dye. Beyond 0.013 g, there is no significant change. The removal rate reaches almost 99 % for mass values up to 0.04 g of PAAM. So, the adsorbent mass was fixed to 0.013 g for further experiments.
Effect of pH
The influence of the pH on the adsorption of the MB by the PAAM was studied to gain further insight into the adsorption process and that using different solution with different pH values for 540 min and the same initial concentration (10 ppm) keeping constant the mass of adsorbent, the stirring speed and room temperature ( Figure 4 ). The results indicate that at low values of pH (pH<2) there is no adsorption because There is competition between MB + and the protons to be fixed to PAAM surface, then the dye removal efficiency increases significantly with the increasing pH value from 2 to 5, and then slightly increases when the pH value increased from 5 to 8 reaching its maximum (92%) and that agreed with to the marge of pH of wastewater 24, 25 . Further increase in the pH value results in a significant decrease in dye removal efficiency.
Effect of the temperature
The influence of temperature on the absorption capacity of the polymer was also studied. The experiments were carried out by adding PAAM to methylene blue solutions with initial concentration 10 ppm at different temperatures (25, 35, 45 and 55°C) , and under agitation for 180 min. Figure 5 shows that an increase in temperature from 25 ° C. to 55 ° C. is accompanied by an increase in the rate of removal of the MB, which goes from 50% to 83%. This phenomenon suggests that the reaction is endothermic and that the increase in temperature favors the adsorption mechanism. It is well known that temperature plays an important role and can affect several aspects of dye adsorption. In fact, the temperature has a positive influence by increasing the swelling capacity of an adsorbent, the mobility of dye molecules, the number of active sites, and the interaction between the adsorbate and adsorbent. 26 . 
Effect of the concentration
To study the effect of the concentration of the MB on the adsorption capacity, the process has been performed with an initial concentration of the MB between 10 and 600 ppm for 540 min, while maintaining the other four parameters constant ( Figure 6 ).
The results show that the adsorption capacity of PAAM increases with the increase in the initial concentration of MB dye. Beyond a concentration of 230 ppm, there is a plateau due to the saturation of the active sites of the adsorbent in the presence of high content of dye. The increase in concentration induces the elevation of the driving force of the concentration gradient, thus the increase of diffusion of the dye molecules in solution across the surface of the adsorbent 27 . The maximum load of PAAM in MB expressed in mg of fixed dye per gram of the support is of the order of 1620 mg/g.
Adsorption kinetics and isotherms 3.2.1. Adsorption Isotherms
The data of the effect of the concentration on the adsorption of MB by the PAAM are treated according to linear equations of Langmuir and Freundlich. The purpose of this linearization is to be able to verify the model according to which the adsorption takes place and to deduce the maximum adsorbed quantities as well as the affinity of the adsorbate for the adsorbent.
Langmuir isotherm
The linear form of the Langmuir isotherm is given by the following equation 28 :
With: -Ce (mg/L) is the concentration in equilibrium, -Qe (mg/g) is the quantity adsorbed at equilibrium, -Qmax (mg/g) is the maximum quantity adsorbed, -KL (L/mg) is the constant of Langmuir.
The dimensional parameter of Hall RL can verify the favorability of the isotherm of Langmuir which comes under the following form:
With C0 the initial concentration in mg/L. 
Freundlich isotherm
The linear form of the Freundlich isotherm is given by the following equation 30 : A straight line was obtained when Ln(Qe) was plotted against Ln(Ce) (Figure 8 ) and n and Kf could be evaluated from the slope and intercept (Table 3) . Values of n > 1 represent favorable adsorption conditions. According to the coefficients of determination, the Langmuir model fits better than the Freundlich model.
Kinetic studies
The adsorption kinetics represent the evolution of a parameter corresponding to the adsorption process with time. It provides information on the adsorption mechanism and the mode of transfer of solutes from the liquid phase to the solid phase. Like the adsorption equilibrium, the adsorption kinetics of a material can be modeled. For this purpose, the literature reports some models, such as the Lagergren model (firstorder model), the kinetic model of order two, the model of intraparticle diffusion 31, 32 . We used in this study, first and second-order kinetic laws.
First-order model
The linear form of this law is given by 33 :
With K1 first-order rate constant (min 1 ), it can be determined by representing ln (Qe Q(t)) according to time t (Figure 9 ). The value of the adsorbed quantity Qe, the pseudofirst-order constant K1 and the regression coefficient R 2 are given in Table 4 . Table 4 . Kinetic constants of the pseudo-first-order model From Table 4 , the calculated value of the adsorbed amount Qe agrees with the experimental Qe and the value of the correlation coefficient approaches the unity (R 2 = 0.9939). These results illustrate that the adsorption of MB onto PAAM fits the pseudo-firstorder model.
Pseudo-second-order model
This model allows characterizing the kinetics of adsorption, taking into account both the case of quick fixation of solutes on the most responsive sites and slow fixated on the sites for low energy 34 . The linear form of this model is written 35 :
Where K2 of the second-order (g/mg.min) adsorption rate constant determined by tracing t/Q versus t ( Figure 10 ). values of the adsorbed quantities Qe, the pseudosecond-order constants K2 and the regression coefficients R 2 are given in Table 5 . According to Table 5 , the experimental Qe is not in agreement with calculated Qe, and the coefficients of determination R 2 is low. Accordingly, the adsorption of MB onto PAAM does not follow the pseudosecond-order kinetic model. 
Thermodynamic parameters
The thermodynamic parameters of MB adsorption by PAAM were determined at different temperatures with an initial dye concentration of 10 mg / L using the following equations 36 : 
The thermodynamic parameters were listed in Table 6 . Table 7 has shown various adsorbents that have been studied previously for the removal of methylene blue. It is found that the adsorption amount of PAAM among the highest capacities of hydrogels. The polyacrylamide 1620 Present work Xylan-based superabsorbant hydrogel 4720 41
Comparison with other adsorbents
Conclusion
This study has highlighted the effectiveness of the polyacrylamide in removing the methylene blue dye from aqueous solution. The influence of the parameters related to the operating conditions such as the contact time, the amount of adsorbent, the pH, the initial concentration of the dye and the temperature was examined for each of these parameters. The effect of the contact time shows that the equilibrium is established after 540 minutes and that the adsorption mechanism can be described by pseudofirst-order kinetics. The plot of the adsorption isotherms shows that the Langmuir model fully represents the adsorption of methylene blue on the polyacrylamide with a maximum adsorption capacity of about 1686.9 mg / g. The thermodynamic study reveals that the increase in temperature favors the adsorption of MB. In addition, the adsorption process is endothermic and spontaneous.
